This paper presents a new simulation model for flexible needle insertion into soft tissue using modified local constraint method. In this work, we assume the small deformation of the needle, therefore, the soft tissue deformation in the radial direction is far less than it's in the axial direction. Under the assumptions above, the spring model in the radial direction of the needle is established and applied in the puncture to get equilibrium position of the needle-tissue system. The FEM model simulation includes three steps: 1.Distribute the axial force on the needle into tissue nodes, and add radial constraint on tissue nodes whose elements are connected with needle's shaft, then get the whole displacement of the tissue nodes; 2.According to the whole displacement of all nodal points and the effective stiffness matrix, we get the radial force on the tissue, then we use the spring model in the radial direction to get the equilibrium position; 3.Compound the radial and axial force on the tissue nodal points to obtain the actual displacement. Simulation results are presented and discussed.
1.INTRODUCTION
Needle insertion, a minimally invasive surgery, uses slender puncture needle penetrate into organ or viscera for medical treatment or therapeutic by extracting the cell of organ or import drugs to the target cells, being widely used in biopsy, local anesthesia, and brachytherapy, etc. The treatment outcome is highly dependent on the accuracy of the needle insertion [1] . The main factors influencing the success of the the procedure are as follows: 1.The limited visibility of the image; 2.The uncertainty of the target; 3.The movement of the doctor and the patient; 4.The interactive of the needle and the tissue causes the deflection of the needle and the movement of the target.
Several models were presented to describe the complex needle-tissue coupling. Misra et.al. provided an energy-based formulation [2] . Amir Haddadi et.al. regarded the needle as planar manipulator with angular springs, and the needle-tissue coupling was described by the model of a flexible needle inside a soft tissue modeled by finite element method [3] . In the methods above, the whole piercing process was considered as a quasistatic process, that is, the piercing result was only decided by the final position. Daniel Glozman et.al. added the virtual spring model on the needle to model insertion [4] . They didn't consider the deformation of the tissue. Ron Alterovitz et.al. described the coupling of needle and tissue in iterative process, and built the 2D insertion model with considering the effect of the bevel tip and friction [5] . Lijuan Wang et.al. presented a novel constraint method for dynamic modeling and simulation of needle insertion based on FE framework [6] . Nuttapong Chentanez et.al. presented an efficient method for coupling a 3D finite element simulation with a 1D inextensible rod with stick-slip friction [7] . As above, the tip's displacement was allocated firstly, and then came to the force on the tissue points in the simulation step. Consider that the force and displacement are related, a new needle-tissue coupling model was presented based on the balance of the force on needle and tissue. This paper is arranged as follows. In section 2, the force model was builded based on the insertion process. Then, the establishment of the needle and the tissue model, the base of the coupling model, was introduced in detail in section 3. In section , the radial spring model was presented firstly, then how to use it in modeling the insertion process was introduced. Finally, the simulations and conclusion was presented in section 5 and 6.
2.FORCE MODEL DURING NEEDLE INSERTION
Several force models had been presented in this field. Simon et.al. considered the needle insertion force should be separated into its components (stiffness, friction, and cutting forces) in order to model it accurately. [8] . Jessica R. Crouch et.al. recorded the force data in different needle insertion speeds, and summarized a force equation associated with position, velocity, and time. They assumed that the force was distributed on the shaft evenly [9] . Van Gerwen et.al. observed the relationship between the needle insertion force and the relative speed [10] .
Considered that the model presented by Simon et.al. was more in line with the physical process and easier to judge boundary than the other two models (In general, we divided insertion procedure into four parts, as show in Fig. 1) . A new force model was presented in this work, where the force was divided into three parts. However, we had different definitions on the stiffness, friction, and cutting forces. To the stiffness force, we added displacement constraints on the contact point, then calculate the force by FEM (Finite Element Method). We used the friction force made by Crouch et.al., as shown in Eqn. (1) , that is, f (l) was proportional to contact length l in general.
where v needle was the speed of the needle, f k was the coefficient of friction, which could be effected by the needle velocity, l was the length of the needle contact with the tissue, l i was the length of the needle contact with element i, v i was the velocity of the element i.
The cutting force was shown in Eqn. (2), which described the force decrease when the needle was stoping in the soft tissue.
where a was the cutting force in relative motion, and τ was decay period.
3.THE ESTABLISHMENT OF THE TISSUE MODEL
The needle-tissue coupling model could be divided into needle-force relationship and tissue-force relationship, so the dynamic equation of motion to solve the tissue deformation problem could be written in Eqn. (3):
where M was mass matrix, C was damping matrix, K was stiffness matrix, Q was loading matrix, and u denoted the displacement vector of all nodal points. The Newmark's method was used to integrate the node positions and velocities over time, as shown in Eqn. (4) and Eqn. (5) .
the accuracy and the stability of the Newmark's method were decided by α and δ . When δ ≥ 0.5 and α ≥ 0.25(0.5 + δ ) 2 , algorithm was unconditionally stable, therefore, simulations were based on δ = 0.5 and α = 0.25.
Consider that effective stiffness matrix inversion was necessary in Newmark's method, the topological structure of the tissue nodal points was fixed in the simulation. In addition, a nodal point should be added at the contact position. In the Fig. 2 , the ordered nodal points in the tissue made it had a clear boundary, and delanuary method was used to divide the finite element mesh.
For the triangular element, the mass matrix was shown in Eqn. (6) .
M e l was the lumped mass matrix, W was the mass of the element, and I 6 denoted the 6 × 6 unit matrix. In term of the needle, the finite beam element was applied to the needle. Hereinafter, the needle-tissue coupling was the coupling of the beam elements and the tissue elements.
4.NEEDLE-TISSUE COUPLING MODEL
As above, Needle-tissue coupling model divided into two parts: needle-force relationship and tissue-force relationship. Therefore, the balance of the force between this two models was important.
The spring model in radial direction
In this part, take the process 1 (the tip has contact with the surface but not puncture, as shown in Fig. 1(a) ) for example.
In Fig. 3 , We regarded the needle as a cantilever , then the force (F tip ) on the tip was proportional to the displacement of the tip. Under the small deformation assumption, F axial was far less than F radial , and F axial was proportional to the tip's displacement. For the points on the needle, their axial directions were identical to their tangent lines, and radial directions were in line with their normals.
When the needle was perpendicular to the tissue's surface and the tissue wasn't punctured, as shown in Fig. 1(a) , the needle and the tissue was contacted at a point. Under the small deformation assumption, the distance between the tip and the original surface was a constant. The tissue's finite element model was needle tissue K1 K2 shown in Eqn. (7).
where F was the loading vector of all nodal points, u was the displacement, and K −1 was transposed matrix of the stiffness. In the needle insertion process, the radial displacement of contact point (on soft tissue) was far smaller than its axial displacement, and assumed it was equal to zero, as shown in Eqn. (8) .
u 2i denoted the radial displacement of the nodal point i (in this part, nodal point i denoted the contact point.).
The force of the model was shown in Eqn. (9) .
F 2i−1 and F 2i were axial and radial force in nodal point i.
Under the constraints of the contact point and the boundary, the force was proportional to the displacement at the contact point in the radial direction, which is shown in Eqn. (10) .
The subscript 2i−1 represented the axial direction of the nodal point i, the subscript 2i represented it's radial direction, and the k −1 m,n denoted the nodal point at m row and n column in the matrix K −1 (in Eqn. (7)). Therefore, we could model the radial direction of the contact point with the spring model, as shown in Fig. 4 . In Fig. 4 , K 1 was the elastic coefficient of the needle, and K 2 denoted the proportionality coefficient between the force by tissue and deflection.
Modeling the process 1 of the needle insertion
When the needle contacted the surface vertically ( Fig. 1(a) ), the puncture depth of the needle would be unchange with considered the needle's deflection. According to the model above (in Fig. 4 ), the equilibrium state (state 3 in Fig. 5 ) could be calculated by two known states (state 1 and 2 in Fig. 5 ). The specific steps as follows: 1.Assuming the needle was a rigid, then we could get the axial displacement and the radial force (F 1 ) of the contact nodal point by the FE equation; 2.Added the radial force to needle, and the deflection of needle was ω 1 . Under this displacement, the radial force (F 2 ) was updated; 3.According to the model above, the deflection under the equilibrium condition could be solved, as shown in Eqn. 13. From Fig. 5 , the formulas could be easily deduced, as shown in Eqn. (11) and Enq.(12). Associate Eqn. (11) with Eqn. (12) to get the needle's deflection when the system was balanced, as shown in Eqn. (13).
where F i and y i was the force and the needle's deflection in the state i (i = 1, 2, 3). F tissue1 and F tissue2 were forces at contact point in state 1 and state 2. Next, the relationship between the needle deflection and the needle-tissue positional relationship was described. When the needle and the tissue surface had a certain angle, the needle deflection occured the change of the penetration depth, as shown in Fig. 6 . The coordinate system was established at the needle tail, the x-axis was in the axial direction of the original needle, and the y-axis was perpendicular to the x-axis, and pointed at the deflection direction.
The dashed line along x-axis represented the undeformed needle, and the horizontal dashed line represented the undeformed surface, and ω denoted the the radial displacement of the tip. Assumed the axial length of the needle was a constant and the shape of the tip didn't effect the needle deflection.
The relationship of the needle deflection and the penetration depth was shown in Eqn. (14).
where x was the depth of the contact point to the surface, and x 0 denoted the depth when the deflection was zero. Associate Eqn. (13) with Eqn. (14), the needle deflection (ω) and the insertion depth (x) were derived in Eqn. (15).
where ω 0 denoted the needle deflection when the insertion depth was x 0 , θ was included angle of the needle's tangent at end and the normal of the surface. Finally, substitute the displacement of the tip to get the deflection curve. Algorithm the process 2 of needle insertion (one time step) 1: Compute the new position x and the tangential direction θ of the computer nodes (the square points in Fig. 7) 2: Identify the elements S contact with the needle (the needle was replaced by the computer nodes x), and disturb the forces on the needle to S (Fig. 8). 3: Update the Force and constraint ( §4.3), solve Eqn. (7) to the displacement u 1 .
4: According to Eqn. (7), the force distribution of the tissue was confirmed. Then, solve Eqn. (17) to get the radial force on beam.
5: Solve Eqn. (18) to the displacement of the nodes in element S, then solve the Eqn. (7) to the displacement u 2 .
6: Resultant displacement u = u 1 + u 2 .
FIGURE 7. THE NEEDLE-TISSUE SCHEMATIC DIAGRAM

Modeling the process 2 of the needle insertion
The process 2 was the process that the tip punctures the tissue's surface ( Fig. 1(b) ), that is, the needle would contact with many nodal points. Therefore, we couldn't use the radial spring model directly. The Algorithm was shown in Table 1 , in which, the local constraint method (LCM) [6, 11] was used to relate the needle with the tissue elements.
Disturbing the axial force. (1) Identify the elements contact with the needle. Compute nodes were added into the beam element. Whether the compute nodes or beam nodal point being in the element decided whether the element was contact with needle, as shown in Fig. 7 . In the figure, the triangle points represented beam nodal points, and the circular points represented tissue nodal points whose elements contact with needle, and the square points represented compute nodes. The density of the compute nodes were controllable, all the elements contacted with the needle could be affirmed finally.
(2) Disturb the axial force. According to the force model, the needle force was divided into friction and cutting in process 2. Crouch et.al. suggested that the friction force was disturbed on the shaft [9] evenly. Therefore, the force in the element was proportional to the contact length, distribution method was shown in Fig. 8 . The line represented the needle, and the point was the action point of concentrated force (we converted distributed force to concentrated force in the element).
Take a general element for example (the special situation was also fit for the result below) to distribute the concentrated force in the element to its nodal points, as shown in Fig. 9 .
Define coordinates of nodal points in step i in the triangle element ABC were x A , y A , x B , y B , x C , y C , then we could get coordinates of all the points by geometric relationships, that is, the coordinates of all the points (point A, B,C, D, E, F, G in Fig. 9 ) were determined in the step i. Then, we distributed the force in step i + 1 by the coordinates in step i. Assumed that the ABC was rigid, the force at point D was resolved into the force at point A and G, then the force at point G was resolved into point B and C. The solution was shown in Eqn. (16). F A , F B and F C denoted the force in the step i + 1. x i was the abscissa of the point (i represents A,B,C,D,E,F,G), and F was the concentrated force in the element. (3) Constraint and solution. Except for the nodal points near the needle, the external forces acting on the other points were zero, which made up the loading matrix. The global constraint was considered as a combination of all constraints, such as the fixed bottom nodes, as well as the constraint applied on the radial direction, such as the nodal points that was consisted of the element run though by needle. Under these condition, the equation was solvable, finally we had the tissue deformation and the forces (included the radial force).
Disturbing the radial force. In this part, we introduced how to relate the radial forces at the tissue nodal points with the beam nodal points.
As shown in Fig. 10 , the triangle points were beam nodal points, the circular points were tissue nodal points, the imaginary line was normals of the each point. Defined the tissue nodal points between two imaginary lines were related with the beam element between two lines. Therefore, if two imaginary lines were normals of the end points of one beam element, the tissue nodal points were related with this beam element.
Take a beam element for example. As shown in Fig. 11 , the points 1, 2, 3, and 4 were tissue nodal points near the beam element whose end points were point 5 and 6. The chain lines denoted the distances between points and the normals. Under the small deformation assumption, the needle between point 5 and point 6 could be seen as a segment. Assume that the radial force had no effect to the axial displacement, in order to balance the force on the beam element, we got the force at point 5 and point 6, as shown in Eqn. (17). between the point i and the normals via point 5 (in Fig. 11 ).
The using of radial spring model in process 2. According to the Eqn. (7), the displacement of the nodal points would be effect by the nearby nodal points. In order to reduce the effect of the axial force to radial displacement in each step. Assume that the force between needle and tissue had been balanced in the step i, only the unbalanced force need to be balanced in the step i + 1, as shown in Fig. 12 . The unbalanced force acted on the part that was the difference of the needle lengths between two steps.
We divided the nodal points that can be effect by the unbalance force into two parts: 1.The nodal points whose elements contact with unbalanced part (S1); 2.Except for the points in S1, the elements of the other points (S2) contact with the needle at this step (step i + 1). Consider that the points in S2 had been balanced in the step i and they were constrained in the radial direction in the step i + 1. Meanwhile, the stiffness of needle was much more bigger than the soft tissue. Therefore, unbalance force could influence these nodal points by the needle deflection.
Then it came to the points in S1. In the simulation, the needle extended along the axial direction in step i + 1. Therefore, the influence of points in S1 to the points in S2 had already been considered in step i. In addition, the force increment in S2 was far less than the force in S2, so we neglected the influence of the points in S2 to those in S1, as shown in Eqn. (18).
Finally, resultant displacement and get the displacement matrix in the step i + 1.
5.SIMULATIONS
We simulated a two dimensional dynamic model of the insertion procedure. The tissue was a rectangle of 100 × 77mm 2 . Elastic and poisson's rate of the tissue were E = 1000Pa and ν = 0.3,the area density of the tissue was 10kg/m 2 . The coordinate of the target point was [−10.9191, −30]mm, and the contact point was [0, 0]mm. The θ in Fig. 6 was 20 • , and the angle of the bevel-tip was 20 • . For the needle, the young modulus was 2.1 × 10 11 Pa. The cutting force and the friction coefficient were F cut = 0.2N and f k = 38N/m. The needle end moved at 10mm/s along its original axis. The Raleigh damping factor was 7 and 0.15. Fig. 13 showed the simulation result in 35th iteration, in which the needle tip was closest to the target point. The dashed line was the undeformed needle, and the solid line was the deformed needle. The distance of the target point and the undeformed needle was 0.045mm, the displacement of the tip was 0.28mm.
In the simulation, the program iterated 62 times totally, and the tip moved 1 millimeter forward in each iteration. In the insertion procedure, the displacement performance was shown in Fig. 14. When the tissue was punctured, the first trough of the relative displacement happened. The other trough and crest happened when the tip punctured into a new element, but it was more obvious in the relative displacement than in the y direction of the target point. It mean that the cutting force had huge effect on the relative displacement in this program. When the tip left the target element (the element contain the target point), the relative displacement was nearly unchanged. The displacement curve was similar to the relative displacement curve in x direction and was steadier in y direction, that is ,the target point was away from its original postion until the tip went far away.
6.CONCLUSION AND FUTURE WORK
In this paper, we modeled the tissue deformation with considering the cutting force and the friction force. However, with the friction force acting on the computer nodes, the computation speed was optimized and the displacement became fluctuation. Compare with the model presented in [11] , this model considered cutting forces, friction forces and flexible needle. Moreover, the force model and the finite element model was uncorrelated, the model could work under different force models. (Here, we assumed the friction is mean along the needle and the cutting force is constant.) Beside the algorithms in [7] , remeshing was avoided in this program therefore, it was fit to real-time computing and the surgical training under the same condition.
In future, there are two issues: one is using new constraint condition on the contact point in order to fit the fact; the other is to complete the force model in order to associate the tissue's nodal point with the needle better.
